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I . I N T R O D U C T I O N 
The iron protein ferrit in has recently been isolated from the fungus Phycomyces 
blakedeeanus (David, 1968; David and Easterbrook, 1971). Ferritin is a large 
molecule ( M W ~ 900,000) consisting of a shell of protein subunits surrounding 
a massive core of iron. The iron content of individual molecules can vary from no 
iron (apoferritin) to about 4000 atoms in a f u l l core. The sedimentation coeffi-
cient varies correspondingly from 18 to 67 S (Fischbach and Anderegg, 1965). 
Although i t has long been characterized i n mammalian tissues (Granick, 1946; 
Harrison, 1964; Crichton, 1973a) and more recently i n plant chloroplasts (Hyde 
et ah, 1963), its occurrence in microorganisms was previously unknown. The 
present contribution summarizes briefly the characteristics of ferrit in from Phy-
comyces and presents i n some detail a series of unpublished experiments on the 
synthesis and degradation of ferrit in and its role i n iron metabolism. 
149 
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I I . P U R I F I C A T I O N A N D P R O P E R T I E S O F 
PHYCOMYCES F E R R I T I N 
Ferritin i n Phycomyces was initially identified in electron micrographs of thin 
sections of sporangiophores (Fig. 1 ; Sassen, 1965; Peat and Banbury, 1968; David 
and Easterbrook, 1971). The molecules are arranged i n a two-dimensional crys­
talline pattern on the surface of l ipid droplets in cytoplasm. The l ip id droplets 
bearing ferritin monolayers can be isolated in the l ip id pellicle following centrifu-
gation of cell homogenates. Subsequent treatment of the l ip id wi th detergent or 
n-butanol releases ferritin. 
David and Easterbook (1971) purified and characterized ferrit in from Phy­
comyces. Extraction of cell homogenates wi th n-butanol effectively solubilizes 
ferrit in from l ip id and precipitates most nonferritin cellular protein. Phycomyces 
ferrit in can be purified from the aqueous phase following butanol extraction by 
isoelectric precipitation at p H 5.0 and isopycnic banding in CsCl density gradi­
ents. Purified ferrit in from Phycomcyes grown on iron-supplemented medium 
sediments as a single molecular species at 55 S and yields one band in gel elec­
trophoresis. Removal of iron by reduction w i t h N a 2 S 2 0 4 yields apoferritin which 
sediments at 18 S. Disruption of ferritin w i t h sodium dodecyl sulfate yields pro­
tein subunits of molecular weight 18,500 (R.R. Crichton, personal communica­
t ion) . 
The characteristic structure of mammalian and plant ferrit in revealed i n the 
electron microscope by negative staining is also shown by Phycomyces ferrit in 
Fig. I Thin section of Phycomyces sporangiophore showing lipid droplets covered with 
crystalline arrays of ferritin molecules. Sporangiophore fixed with gluteraldehyde and osmium 
tetroxide. X 83,000. Bar = 0.2 /an. 
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Fig. 2 Purified Phycornyces ferritin negatively stained with uranyl acetate. The electron-
opaque iron core is surrounded by an electron-lucent protein shell. X 340,000. Bar = 500 Ä. 
(Fig. 2). The electron-opaque iron core (50-60 Ä in diameter) is surrounded by 
an electron-lucent annulus of protein (105 Ä diameter). Although similar in 
structure to plant and animal ferritins, Phycomyces ferritin contains maximally 
about one-half as much iron per unit protein and sediments, at 55 S, more slowly 
than horse ferritin. 
I I I . I N D U C T I O N O F F E R R I T I N S Y N T H E S I S BY I R O N 
Growth of Phycomyces on medium supplemented with iron causes a marked 
increase in the level of iron in mycelium, sporangiophores, and spores. Figure 3 
shows the iron content of spores with increasing iron in the growth medium. The 
additional iron is present in ferritin molecules (Fig. 6). The fiftyfold increase in 
ferritin iron is probably too great to be accounted for simply by addition of iron 
to unfilled ferritin molecules. Thus, the results suggest that de novo synthesis of 
apoferritin has occurred similar to the induction of apoferritin which has been 
shown in animal tissues in response to iron administration (Fineberg and Green-
berg, 1955; Loftfield and Eigner, 1958; Saddi and von der Decken, 1965; Drys-
dale and Munro, 1966). 
Ferritin isolated from iron-supplemented growth medium (15 /xg/ ml iron) has 
a uniformly high S value (see above) and contains a full complement of iron. 
Ferritin isolated from Phycomyces grown on iron-poor medium (0.1 /xg/ml iron) 
is more heterogeneous and has a somewhat lower S value (40-50 S) indicating 
less iron per molecule. 
The ferritin content of Phycomyces grown on limiting amounts of iron has 
not been investigated. The level of 0.1 /*g/ml iron present as impurities in growth 
medium is somewhat more than the minimal requirement since normal mycelial 
growth and sporangiophore development occur. Media from which iron has been 
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Fig. 3 Iron content of Phycomyces spores in cultures supplemented with iron. Phycomyces 
was grown on glucose—asparagine medium containing defined amounts of iron and 6 eFe. Spor-
angiophores were harvested and spores isolated. The iron content per spore was calculated from 
the radioactivity per spore and the specific activity of B 9Fe in the medium. Each point represents 
an independent experiment. The two open circles show the results of direct chemical deter­
mination of iron spore (see David and Easterbrook, 1971, for details of iron determinations). 
At least 50% of the spore iron in all samples is in ferritin molecules (see Fig. 6). Similar 
increases in iron and ferritin content occur in mycelium and sporangiophores when the growth 
medium is supplemented with iron. 
completely removed support almost no mycelial growth and do not permit spor­
angiophore development (Odegard, 1952). Under such conditions spores con­
taining more ferrit in iron grow better than spores wi th less ferritin iron but the 
level of growth on iron supplemented medium is not attained (C. N . David, 
unpublished). 
I V . F E R R I T I N S Y N T H E S I S A N D L O C A L I Z A T I O N 
I N S P O R E S 
Ferritin can be isolated from all developmental stages of Phycomyces—mycel­
ium, sporangiophores, and spores. I n all cases i t appears to be associated w i t h 
l ipid droplets. During the course of spore formation, sporangiophore ferritin is 
selectively incorporated into spores. I n cultures grown on iron-poor medium, 
80% of the total sporangiophore ferritin is found i n spores and 20% remains in 
sporangiophore cytoplasm after spore formation. Dry weight is partitioned ap­
proximately equally between spores and sporangiophores. On iron-supplemented 
medium, where the level of ferritin is about fiftyfold higher, the partitioning of 
ferritin between spores and sporangiophore cytoplasm more nearly approaches 
the partitioning of dry weight. 
Sporangiophore development is dependent on mycelial growth. Many of the 
components of sporangiophore cytoplasm and spores, e.g., nuclei, polyphosphates, 
and l ipid droplets are taken up directly from the mycelium and are not synthe­
sized in the elongating sporangiophore (Bergman et al, 1969; Galle, 1964). Some 
of these components are in fact synthesized in the mycelium prior to the initiation 
of sporangiophore outgrowth. Ferritin is synthesized i n the mycelium and per-
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Fig. 4 Sucrose gradient sedimentation of 5eFe-labeled ferritin from mycelium, Stage I—II 
sporangiophores, and spores. Phycomyces was cultured on glucose-asparagine medium (0.1 
μg/wl iron) with 5 9 Fe. Mycelium was harvested immediately prior to initiation of sporangio­
phores; stage I—II sporangiophores were harvested from a parallel culture 8 hours later; spores 
were prepared from a third parallel culture 1 day later. All three samples were homogenized 
with a Nossal disintegrator and extracted with n-butanol. Aliquots of the aqueous phase were 
sedimented in 5 to 20% sucrose gradients (37,000 rpm, 2.5 hours, 6°C) . Fractions were col­
lected and assayed for 5 e Fe. Sedimentation is from right to left. The arrow indicates the position 
of a sedimentation marker at 81 S. The results of all three gradients have been superimposed 
for comparison. 
haps during the early stages of sporangiophore outgrowth. This ferritin has a 
broad spectrum of S values ( iron contents) i n cultures grown on 0.1 μ-g/ml iron 
(Fig. 4 ) . During sporangiophore initiation a large population of ferritin mole­
cules of intermediate iron content is concentrated in the cytoplasm of young 
(Stage I ) sporangiophores. Eighty percent of this ferritin is destined to be incor­
porated into spores. I n conjunction wi th spore formation at the end of Stage I , 
ferrit in undergoes a maturation process. Ferritin molecules of intermediate S 
value become more homogeneous and acquire a higher S value (Fig . 4 ) . A similar 
addition of iron to mammalian ferrit in has been shown in vivo (Drysdale and 
Munro, 1966) and in vitro (Macara et al. 1972). 
V. F E R R I T I N A N D I R O N M E T A B O L I S M I N 
G E R M I N A T I N G S P O R E S 
The selective incorporation of iron and ferritin into spores of Phycomyces 
grown on iron-poor medium suggests that ferrit in iron is a storage form of iron 
destined to be used for biosynthesis following spore germination. I n the follow­
ing i t w i l l be demonstrated that ferrit in i n germinating spores releases iron to 
a soluble pool and that the release of iron from ferrit in is controlled by the cell. 
The results suggest further that the soluble iron pool is involved i n biosynthesis. 
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A. The Soluble Iron Pool 
Phycomyces mycelium, sporangiophores, and germinating spores have a pool 
of soluble iron. Since ferric iron is quite insoluble at cellular p H , this "soluble" 
iron is probably complexed w i t h a low-molecular weight substance. Nothing is 
known of the nature of the chelator involved. Chelators of the sideramine type 
(Neilands, 1957) are not excreted by Phycomyces (Müller, 1968). However, no 
attempt has been made to identify sideramines in cellular homogenates contain-
ing soluble iron. 
The soluble iron pool in Phycomyces has the following characteristics: (1) i t 
is slowly dialyzable; (2) i t is not precipitated by 5 % trichloroacetic acid or by 
n-butanol extraction of cell homogenates; and (3) i t does not sediment during 
ultracentrifugation at 100,000 g for 3 hours. Soluble iron is present in biosyn-
thetically active parts of Phycomyces, namely, i n growing mycelium, sporangio-
phores, and germinating spores. I t is not present in dormant spores although the 
spores contain ferritin and other elements of sporangiophore cytoplasm. This 
result suggests that soluble iron may be an intermediate or donor of iron for 
macromolecular biosynthesis. 
B. Release of Ferrit in Iron Dur ing Germination 
The availability of spores wi th varying ferrit in contents and containing no 
soluble iron pool provides an experimental basis for studying the release of iron 
f rom ferrit in associated w i t h the initiation of biosynthetic activities following 
spore germination. Phycomyces spores labeled wi th 5 9 Fe and containing two 
different levels of iron—6 Χ 1 0 - 9 and 3 X 10~ 7 /xg/ spore—were obtained (Fig. 
3 ) . A t least 50% of this iron was extractable as ferritin i n both cases (Fig. 6 ) . 
The fate of ferrit in iron during germination and early mycelial growth was in­
vestigated. Butanol extraction of cell homogenates precipitates most cellular pro­
teins leaving ferrit in and soluble iron as the only major 5 9Fe-containing compo­
nents i n the aqueous phase. Gel filtration of this material clearly separates femtin 
and soluble iron. 
Heat-shocked Phycomyces spores germinate rapidly and synchronously at 20 °C 
i n glucose-asparagine medium. The spores first swell and then bui ld a large cen­
tral vacuole. By 12 hours all spores are vacuolated and by 16 hours most have 
developed young germ tubes which grow out to become mycelium. 
Ungerminated spores contain only iron extractable as ferrit in. Following ger­
mination of ferritin-poor spores, extractable ferritin decreases and disappears 
almost entirely by 24 hours (Fig. 5 ) . By comparison ferritin-rich spores show no 
detectable loss of ferritin. Figure 6 shows the quantitative results from several 
independent experiments. There is a rapid loss of ferrit in between 12 and 20 
hours after germination i n ferritin-poor spores. Under the same conditions fer­
rit in-rich spores show a slight increase in ferrit in due to more efficient extraction 
of growing mycelium compared to spores. I n the case of ferritin-poor spores the 
increased efficiency of extraction probably hides the init ial stages of ferrit in de­
gradation since at 12 hours 5 9 Fe has already started to appear i n the soluble pool. 









Fig. 5 Fate of ferritin iron during germination of 5öFe-labeled spores. Spores containing two 
different levels of ferritin iron and 5 0 Fe were prepared from iron-poor (0.1 /xg/ml) and iron-
rich (15 Mg/ml) cultures (see Fig. 3 for details). The labeled spores were heat-shocked and 
germinated in glucose-asparagine medium (10° spores/ml) containing about 0.1 Atg/ml iron. 
Samples were taken at 0 and 24 hours, homogenized in a Nossal disintegrator, and extracted 
with n-butanol. The aqueous phase was analyzed by gel filtration on an agarose column (Bio 
Gel A 1.5 M; eluted with 0.05 Μ phosphate buffer, pH 6.0, 0.15 Μ NaCl). The excluded vol­
ume is indicated by the arrow. Ferritin is partially included and elutes about fraction 16. Low-
molecular weight soluble iron is completely included and elutes about fraction 29. 
Coincident wi th the loss of 5 9 Fe from ferrit in in germinating ferritin-poor 
spores, is the appearance of 5 9 Fe at the position of soluble iron on the gel filtra­
tion column. Soluble 5 9 Fe begins to appear at 12 hours and increases rapidly up 
to 24 hours when most of 5 9 Fe-ferri t in has been degraded (Fig. 5). Following 
germination of iron-rich spores, 5 9 Fe appears in the soluble pool by 24 hours. 
A coincident decrease in the level of ferritin can not be demonstrated because 
of the increasing efficiency of extraction of germinated tissue compared to spores. 
Calculating from the specific activity of 5 9 Fe in the germinating spores, the pools 
of soluble iron at 24 hours were: 0.04 μζ/100 mg wet weight for germinated iron-
poor spores and 0.3 /Ag/100 mg wet weight for germinated iron-rich spores. The 
levels of ferritin iron remaining in the same tissue were 0.005 and 1.2 /xg/100 mg, 
respectively, for ferritin-poor and ferritin-rich tissue. 
The results show that (1) release of iron from ferritin occurs upon spore germi­
nation and (2) the extent of this release is controlled by the cytoplasm of the 
germinating spores. When the cytoplasm is saturated w i t h iron, further release 
of ferrit in iron is blocked. Emery (1971) and Winkelmann and Zähner (1973) 
have shown a similar saturation of cytoplasmic sites by sideramine iron taken 
into cells of Neurospora and Ustfago from the external medium. Above a defined 
intracellular concentration, the uptake of sideramine iron is blocked. Both results 
strongly suggest that control mechanisms regulate the level of cytoplasmic iron 
acquired either from an intracellular iron-storage molecule or from an extra-
cellular source. 
156 C H A R L E S Ν. DAVID 
Hours 
Fig. 6 Quantitative changes in ferritin iron during germination of ferritin-rich and ferritin-
poor spores. The figure summarizes the results from three independent experiments of the type 
shown in Fig. 5. The 6 0 Fe extractable as ferritin is expressed as the percentage of total 5 9 Fe in 
the sample (% 5 e Fe in ferritin peak after gel filtration of the aqueous phase X % of total 5 9 Fe 
in the aqueous phase; see David, 1968). Filled symbols, ferritin-poor spores; open symbols, 
ferritin-rich spores. 
C . Mechanism of Iron Release from Ferritin 
The release of iron from ferritin during germination of ferritin-poor spores 
provides an opportunity to study the mechanism involved. I n particular, by mea­
suring the S value ( iron content) of the ferritin as a function of the amount of 
iron released, i t is possible to determine i f all molecules in the population are 
losing iron equally or if release is an "all-or-none" reaction in individual mole­
cules. Figure 7 shows the sedimentation properties of the ferritin remaining after 
various degrees of iron release during the germination of ferritin-poor spores. 
During the rapid loss of ferritin iron no 5 9Fe-labeled ferrit in molecules appear 
which sediment more slowly than spore ferritin. Thus, the release of iron from 
ferritin appears to occur i n an all-or-none reaction. 
This result eliminates simple models of iron release based on chelation (Pape 
et ed., 1968) or reduction (Bielig and Bayer, 1955) i n which all ferritin mole­
cules are attacked statistically. These mechanisms would only yield the all-or-
none result i f the process in individual molecules were highly cooperative such 
that nucleation was the rate-limiting step or i f the cytoplasm were compartmen­
talized into local regions where ferritin was being degraded and other regions 
where ferrit in was protected. I n either case, the release of iron from individual 
molecules must be a rapid process. 
A more tempting explanation, in view of the all-or-none result, is the enzy­
matic degradation of ferrit in—ferrit in molecules being the substrate for an en­
zyme which releases iron from the core. Recently, evidence for such an enzymatic 
activity has been presented (Osaki and Sirivech, 1971) and Crichton (1973b) 
has suggested a mechanism, involving loss of protein subunits from the shell, by 
which the degrading enzyme could gain access to the iron core. I t remains to be 
determined, however, if this enzymatic activity, i n fact, causes all-or-none release 
of iron. Furthermore, the enzyme must be subject to feedback inhibition by cyto­
plasmic iron since its activity is clearly limited under conditions prevailing in 
germinating ferritin-rich spores. 
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Fig. 7 Sucrose gradient sedimentation of 59Fe-labeled ferritin from germinating ferritin-poor 
spores. Samples of the aqueous phase from 12 ( · — · ) - , 16 ( O — Ο Κ and 24 (χ—x)-hour 
germinated ferritin-poor spores (Fig. 6) were sedimented in 5 to 20% sucrose gradients 
(37,000 rpm, 2 hours, 6°C) . Fractions were collected and assayed for M Fe. Sedimentation is 
from right to left. The arrow indicates the position of a sedimentation marker at 81 S. The 
results from the three gradients have been superimposed to facilitate comparison. 
I f the all-or-none result is indicative of the general mechanism of iron release 
from Phycomyces ferritin—not just a special mechanism associated w i t h spore 
germination—then i t must be concluded that ferrit in molecules having inter­
mediate S values are the product of iron accumulation rather than the result of 
random release and addition of iron. Drysdale and Munro (1966) have demon­
strated in rat liver that the synthesis of ferrit in molecules occurs by slow accumu­
lation of iron. Molecules of intermediate iron content are precursors to molecules 
of higher iron content. The changes in sedimentation properties of ferritin during 
spore formation in Phycomyces (Fig. 4) also suggest that molecules of inter­
mediate iron content are precursors which take up more iron to form the final 
product—ferritin i n spores. 
V I . SUMMARY 
The iron-storage protein ferrit in has been isolated from the fungus Phycomyces 
thus extending the range of occurrence of ferrit in to microorganisms. Phycomyces 
ferrit in is closely similar i n structure to plant and animal ferritins and its syn­
thesis is also stimulated by supplemental iron in the growth medium. 
Ferritin iron is concentrated in Phycomyces spores. During spore germination 
the ferritin iron is released to a soluble iron pool which appears to be involved i n 
biosynthetic processes utilizing iron. The amount of ferrit in iron released is l imited 
by the cell even in the presence of excess ferritin. The nature of this feedback 
control is not known. 
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I n Phycomyces the uptake and release of iron by ferri t in appear to occur by 
different mechanisms. The release of iron during spore germination is an all-or-
none process. By comparison, synthesis of f u l l ferrit in which occurs during spore 
formation involves slow accumulation of iron thus giving rise to molecules of 
intermediate S value and iron content. 
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